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DURING EXERCISE, MEAN ARTERIAL pressure (MAP), heart rate (HR), myocardial contractility, and ventilation increase. These circulatory and ventilatory increases ensure that the working muscle is provided with adequate blood flow and oxygen. The exercise pressor reflex (30) , first evidenced by Alam and Smirk (1) , is one mechanism thought to be responsible for these cardiovascular and ventilatory effects. The afferent arm of the reflex is comprised of thinly myelinated group III afferents and unmyelinated group IV afferents (25) . The majority of group III afferents are mechanically sensitive and are activated by distortion of their receptive fields, whereas most group IV afferents are chemically sensitive and are activated by the metabolic by-products of working muscle (17-19, 27, 28, 36) .
While both afferent components of the exercise pressor reflex function to increase blood pressure and HR during exercise, the metabolically sensitive one is thought to signal a mismatch in contracting muscle between blood supply and metabolic demand (39) . While much research has been done to identify the muscle by-products and their associated receptors that mediate metaboreflex activation, to date, the role played by the thromboxane (TP) receptor is unknown.
When cyclooxygenase metabolites of arachidonic acid are hydrolyzed by thromboxane A synthase, thromboxane A 2 (TxA 2 ) is formed (31, 32) . TxA 2 , when bound to the TP receptor, facilitates platelet aggregation and constricts vascular smooth muscle (3, 5) . Moreover, the TP receptor has several other agonists, including 8-isoprostane, PGH 2 , PGF 2␣ , PGE 2 , and PGD 2 (9) . In addition, human and animal studies have shown that cyclooxygenase metabolites of arachidonic acid sensitize and/or stimulate group III and IV afferent fibers and, in turn, contribute to the magnitude of the exercise pressor reflex (4, 6, 11, 20, 29, 35, 38, 41) . The extent to which this effect on the exercise pressor reflex is caused by stimulation of the TP receptor is not known.
Peripheral artery disease, which can be caused by smoking, diabetes, hypertension, and aging, often leads to chronic or acute ischemia (21) . A common symptom of peripheral artery disease that results in insufficient blood flow to the legs during exercise is intermittent claudication, an effect that is relieved by rest (21) . Recently, experiments performed in a rat model of peripheral artery disease (34, 48) showed that the exercise pressor reflex in rats whose femoral arteries were ligated for 72 h before the start of the experiment was significantly greater than that in rats whose hindlimbs were freely perfused (44) . The receptors responsible for the exaggerated exercise pressor reflex in the rat model of peripheral artery disease have not been identified. Because substantial evidence exists showing that hindlimb ischemia increases arachidonic acid levels as well as its cyclooxygenase metabolites in the muscle interstitium during contraction or exercise (37, 42) , we were prompted to test the hypothesis that the TP receptor contributed to the exaggerated exercise pressor reflex occurring in the rat model of peripheral artery disease.
METHODS
All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Pennsylvania State University, Hershey Medical Center. The following experimental techniques were performed in adult, male Sprague-Dawley rats (n ϭ 101). All rats were housed in a temperature-controlled room (24 Ϯ 1°C) with a 12:12-h light-dark cycle and fed a standard diet and tap water ad libitum.
To simulate peripheral artery disease in rats, we ligated the left femoral artery 72 h before the experiment. Briefly, rats were anesthetized with isoflurane gas (2-3%) in pure oxygen. Under sterile procedure, the femoral artery was surgically exposed and ligated with suture (5-0, silk) just distal to the inguinal ligament. This technique has been shown to reduce blood flow capacity to ϳ10 -20% of normal while having little effect on resting blood flow (34, 48).
Surgical Techniques
On the day of the experiment, rats were anesthetized with isoflurane gas (2-3%) in pure oxygen, after which the trachea was cannulated and their lungs mechanically ventilated with the gaseous anesthetic until the decerebration procedure was completed. Both carotid arteries and a jugular vein were cannulated (PE-50) to measure arterial blood pressure and to administer fluids, respectively. Arterial blood gases and pH were measured throughout the experiment using an automated blood gas analyzer (ABL 700 Series; Radiometer). Dexamethasone (0.2 mg) was given intravenously to minimize edema caused by decerebration (43) . Body temperature was maintained between 36.5 and 38.0°C by an isothermal heating pad and lamp.
To administer all agonists and antagonists, the circulation of the left hindlimb was isolated. A catheter (PE-10, polyethylene tubing) was inserted in a retrograde manner into the right femoral artery and its tip advanced to the abdominal aorta. A reversible balloon occluder was tied around the abdominal aorta and the inferior vena cava, which when inflated helped to maintain the injectate within the circulation of the left hindlimb.
A laminectomy was performed to expose the spinal cord and the lower lumbar roots (L 2-L6). Next, the L4 and L5 ventral roots, which innervate the muscles of the hindlimb, were identified and sectioned. The cut peripheral ends of L4 and L5 ventral roots were placed on a bipolar shielded-stimulating electrode, and all exposed neural tissue was immersed in warm mineral oil. The rats were then secured in a customized spinal frame, and the calcaneal bone was sectioned and its tendon connected to a force transducer (FT10; Grass Instruments) that in turn was attached to a rack-and-pinion.
Anesthetized rats were placed in a stereotaxic head unit (Kopf Instruments), and a precollicular decerebration was performed using the method described previously by Tsuchimochi et al. (44) . Briefly, a dull blade was passed through the brain stem ϳ0.5 mm rostral to the superior colliculi, and the remaining neural tissue rostral to the section was aspirated. To minimize bleeding, small pieces of oxidized regenerated cellulose (Ethicon; Johnson & Johnson) were placed on the internal skull surface, and the cranial cavity was packed with gauze. Immediately after precollicular transection, anesthesia was discontinued. Each rat was allowed to stabilize for at least 1 h.
Experimental Protocols
Exercise pressor and muscle mechanoreceptor reflexes. The exercise pressor reflex was evoked by electrical stimulation of the cut peripheral ends of the left L 4 and L5 ventral roots (1-3 times motor threshold, 0.1-ms pulse duration, 40 Hz) for 30 s. TP receptors in the left hindlimb were blocked by injecting daltroban (80 g), a TP receptor antagonist, into the arterial supply of the left hindlimb (8, 47) . Before injection, the balloon occluder on the abdominal aorta and inferior vena cava was inflated to trap the injectate within the circulation of the left hindlimb. After the drug had been trapped for 5 min, the balloon was deflated, and the muscles were freely perfused for 10 min before we again initiated contraction.
The muscle mechanoreceptor reflex (40) was activated by manually stretching the left triceps surae muscles for 30 s by turning the rack-and-pinion attached to the calcaneal tendon. Baseline tension was set between 50 and 100 g for both static contraction and tendon stretch. Passive hindlimb stretch was performed before and after injection of the TP receptor antagonist daltroban (80 g) in the arterial supply of the left hindlimb. As in the contraction protocol, the injectate was trapped in the hindlimb vasculature for 5 min after which the muscles were freely perfused for 10 min, and hindlimb stretch was repeated. In the rats tested with tendon stretch, laminectomies were not performed in 7 of the 9 having patent femoral arteries; likewise, laminectomies were not performed in 8 of the 11 having ligated femoral arteries. Consequently, there was less blood loss in rats not undergoing laminectomies, which in turn may have led to higher baseline arterial pressures than in rats in which laminectomies were performed.
Muscle microdialysis to measure thromboxane B 2. Microdialysis probes were manufactured by gluing both ends of a 2-cm length of capillary microdialysis membrane (0.20 mm in diameter with a 13-kDa molecular cutoff) into nylon tubing. The nylon tubing was attached to a Luer tip adapter stub that connects the probe and the perfusate-filled syringe. Each rat had four microdialysis probes placed in the gastrocnemius and soleus muscles, with the fibers being spaced ϳ0.25 cm apart. The probes were inserted in the muscles via a 20-gauge cannula and were positioned parallel to the muscle fiber orientation. The insertion and exit points were ϳ3 cm apart. The microdialysis probes were threaded through the lumen of the cannula, and the cannula was withdrawn once the probes were inserted in the muscle. Each rat underwent a 2-h stabilization period after probe insertion before triceps surae contraction.
We used microdialysis to obtain interstitial fluid from the triceps surae muscles. Saline was administered through the probes via a perfusion pump (model 402; CMA) at 20 l/min. At the end of the 2-h stabilization period, dialysate samples were collected during 60 s of static contraction. We needed to contract the muscles for 60 s to obtain enough dialysate fluid to perform the enzyme-linked immunosorbent assay (ELISA) that measured thromboxane B 2 (TxB2) concentrations, a stable metabolite of TxA2. Contractions were initiated by electrical stimulation of the tibial nerves (40 Hz; 0.025 ms). The current intensity was adjusted so that the peak tension developed approximated that generated when the exercise pressor reflex was evoked by stimulation of the ventral roots. The dialysate was sealed in ice-cold microcentrifuge tubes and stored at Ϫ80°C until the quantitative determination of TxB 2 by commercially available ELISA methods (Cayman Chemical). TxB2 concentrations are expressed in picograms per milliliter.
Data Analysis
In all experiments, baseline and reflex changes in MAP, HR, and developed tension were recorded continuously with a Spike 2 data acquisition system (CED) and stored on a computer hard drive (Dell). The initial 30 s before stimuli were taken as baseline to compare peak responses with experimental maneuvers. MAP is expressed in millimeters mercury (mmHg), and HR is in beats per minute. The tensiontime index (TTI) (33) was calculated by integrating the area between the tension trace and the baseline level and is expressed in kilograms per second.
All values are expressed as means Ϯ SE. Statistical comparisons were performed with a one between-one within ANOVA. If the overall F value was significant, post hoc tests were performed with the Tukey test between individual means. The criterion for statistical significance was set as P Ͻ 0.05.
RESULTS

Intra-Arterial Injection of a TxA 2 Mimetic and Its Blockade by Daltroban
To establish the efficacy of the TP receptor blockade, we determined the pressor response to hindlimb intra-arterial injections of the TxA 2 mimetic U-46619 (0.4 g), before and after injecting the TP receptor blocker daltroban (80 g) in the left hindlimb arterial supply. Daltroban significantly reduced the cardiovascular responses to U-46619 injections in both rats whose femoral arteries were ligated (n ϭ 18) and in rats whose hindlimbs were freely perfused (n ϭ 14) (P Ͻ 0.05) (Fig. 1) . The pressor responses to U-46619 injection in the rats with ligated femoral arteries were significantly greater than were the pressor responses to injection of this TXA 2 mimetic in the rats with patent femoral arteries (P ϭ 0.02; Fig. 1 ). Daltroban injection had no effect on baseline arterial blood pressure or HR (Table 1) .
In 22 rats that were not used in the above experiments, we measured the pressor responses to intra-arterial injection of lactic acid (24 mM; 0.4 ml) and capsaicin (0.2 g in 0.l ml) both before and after intra-arterial injection of daltroban (80 g). We found that TXA 2 receptor blockade with daltroban had no effect on the pressor and cardioaccelerator responses to either lactic acid or capsaicin in the rats with patent femoral arteries (Fig. 2) . Likewise, daltroban had no effect on the pressor and cardioaccelerator responses to capsaicin in the rats with ligated femoral arteries. Daltroban, however, attenuated the pressor, but not the cardioaccelerator, response to lactic acid injection in the rats with ligated femoral arteries (Fig. 2) . Values are means Ϯ SE. MAP, mean arterial pressure; HR, heart rate. There were no significant differences between baselines before and after daltroban (80 g). §Significantly different from freely perfused baseline (P Ͻ 0.05). 
Exercise Pressor Reflex and Daltroban
In both the "72-h-ligated" (n ϭ 10) and the "freely perfused" rats (n ϭ 6), we statically contracted the left hindlimb muscles (i.e., evoked the exercise pressor reflex) before and after intra-arterial injection of the TP receptor antagonist daltroban (80 g). We confirmed our previous finding (44) that the pressor responses to static contraction in rats who had undergone femoral artery ligation 72 h prior were significantly greater than those observed in control rats whose hindlimbs were freely perfused (Fig. 3) .
In both the freely perfused and the 72-h-ligated rats, the pressor component of the exercise pressor reflex was reduced significantly by TP receptor blockade with daltroban injected intra-arterially (Fig. 3) . In both groups of rats, the cardioaccelerator component was also reduced significantly (P Ͻ 0.05). Peak tension development and TTIs during static contraction were similar between groups both before and after TP receptor blockade (Fig. 3) .
In contrast to the attenuating effect on the exercise pressor reflex of intra-arterial injection of daltroban, in three rats, intravenous injection of this TP receptor antagonist (80 g) had no effect on the reflex. In two, the hindlimb was freely perfused, and the pressor responses to contraction were 40 and 12 mmHg before intravenous daltroban and 38 and 13 mmHg afterward. Likewise, in the one remaining rat, the femoral artery was ligated 72 h before the start of the experiment, and the pressor response before intravenous daltroban was 33 and 29 mmHg afterward.
Muscle Mechanoreceptor Reflex and Daltroban
In both the 72-h-ligated (n ϭ 11) and the freely perfused rats (n ϭ 9), we examined the effect of daltroban (80 g), injected intra-arterially on the reflex cardiovascular response to stretch of the calcaneal tendon, a maneuver that evokes the muscle mechanoreceptor reflex (40) . The pressor responses to tendon stretch in rats whose femoral arteries were ligated 72 h before the start of the experiment were not significantly greater than those in rats whose hindlimbs were freely perfused (Fig. 4) . Daltroban significantly reduced the pressor responses to tendon stretch in both groups (Fig. 4) . Also, daltroban attenuated the cardioaccelerator responses to tendon stretch in the 72-hligated rats but did not do so in the freely perfused rats. Triceps surae tension development and TTIs during tendon stretch were not altered by daltroban (Fig. 3) . Daltroban had no effect on baseline MAP in either treatment group (Table 1) . 
Effect of Static Contraction on Interstitial Levels of TxB 2
Although there was a tendency for an increase, static contraction for 60 s did not significantly alter TxB 2 concentrations in the microdialysis fluid collected from either group of rats. Moreover, the results were highly variable (Fig. 5) . For example, in the freely perfused group, TxB 2 levels increased in 12 and decreased in 4 rats during contraction. In the 72-h-ligated group, TxB 2 levels increased in eight, decreased in six, and remained the same in four rats. Increases in MAP, HR, and TTI were not significantly different between groups.
DISCUSSION
We have shown that daltroban, injected in the arterial supply of the hindlimb, attenuated both the exercise pressor reflex and the muscle mechanoreceptor reflex in decerebrated unanesthetized rats. Daltroban, a TP receptor antagonist, attenuated both reflexes in rats whose hindlimbs were freely perfused and in rats whose femoral arteries were ligated 72 h before the start of the experiment. Although we found that injecting U-46619, a TxA 2 mimetic, in the arterial supply of the hindlimb evoked pressor responses that could be blocked with daltroban in both groups of rats, the TXA 2 mimetic evoked a greater pressor response in the rats whose femoral arteries were ligated than it did in the rats with patent femoral arteries.
Several lines of evidence suggest that ligation of a femoral artery for 24 -72 h markedly increased the responsiveness of thin fiber afferents to a variety of stimuli. For example, lactic acid, an acid-sensing ion channel agonist, injected in the arterial supply of the hindlimb evoked a larger reflex pressor response in rats whose femoral arteries were ligated than it did in rats whose hindlimbs were freely perfused (23) . Likewise, capsaicin, a transient receptor potential vanilloid (TRPV) 1 receptor agonist, injected in the same manner as lactic acid also evoked a larger pressor response in rats whose femoral arteries were ligated than it did in rats whose hindlimbs were freely perfused (45) . These findings can also be extended to our present results in which U-46619, a TP receptor agonist, evoked a larger pressor response in rats with ligated arteries than it did in rats with patent arteries. In addition, static contraction of the hindlimb muscles in rats whose femoral arteries were ligated evoked a larger pressor reflex than did static contraction of the hindlimb muscles in rats whose hindlimbs were freely perfused (44) . We speculate that, in part, these exaggerated pressor effects evoked in the 72-h-ligated rats were caused by an increase in nerve growth factor (NGF) whose levels in dorsal root ganglion cells were increased by femoral artery ligation (46) . Support for our speculation comes from the finding that infusion of NGF by osmotic minipump was shown to increase the responsiveness of dorsal root ganglion cells to capsaicin (46) .
One might be surprised by our finding that daltroban, a TP receptor antagonist, attenuated the exercise pressor reflex even though we were not able to show in either the freely perfused or in the 72-h-ligated groups that static contraction significantly increased interstitial levels of TxB 2 , a stable by-product of TxA 2 . In our experiments, the variability across rats was great, some showing large contraction-induced increases in TxB 2 levels and others showing no increase or even a decrease. Consequently, we cannot claim with any certainty that daltroban prevented TxA 2 from binding to the TP receptor to attenuate the exercise pressor reflex in our experiments. The inability to find a significant contraction-induced increase in interstitial levels of TxB 2 has also been reported in human studies using muscle microdialysis (14, 15) . The TP receptor has several other agonists in addition to TxA 2 . These include 8-isoprostane, PGH 2 , PGF 2␣ , PGE 2 , and PGD 2 (9) . Static contraction of hindlimb muscles has been shown to increase the interstitial concentrations of several of these prostanoids (13, 26, 42) and acting in combination with each other and at times with TxA 2 may have stimulated the TP receptor in our experiments. In our experiments, the TP receptor may have contributed to the augmented exercise pressor reflex in rats with a ligated femoral artery by either being upregulated or by being stimulated by increased concentrations of 8-isoprostane, PGH 2 , PGF 2␣ , PGE 2 , and PGD 2 . A limitation of our experiments is that they cannot distinguish between these two possibilities.
We found that daltroban significantly decreased the exercise pressor reflex and the muscle mechanoreceptor reflex in both the freely perfused and the 72-h-ligated groups. These findings prompted us to test the specificity of the blockade by this supposed TP receptor antagonist. Consequently, we showed that daltroban had no effect on the pressor response to either lactic acid or capsaicin injection in rats with patent femoral arteries. Similarly, daltroban had no effect on the reflex pressor responses to injection of capsaicin, a TRPV1 receptor agonist, in rats with ligated femoral arteries, but it did attenuate the pressor responses to lactic acid injection in these rats. The attenuation of the pressor response to lactic acid by daltroban might be explained by the fact that lactic acid injection is likely to produce cyclooxygenase metabolites of arachidonic acid, which in turn can stimulate the TP receptor (12, 24) . Why this happened in rats with ligated femoral arteries and did not happen in rats with patent femoral arteries is unclear, but it may be related to a heightened TP receptor sensitivity or number in the former state.
The muscle mechanoreceptor reflex, which is evoked by tendon stretch (40) , is used by some investigators as an index of the mechanical component of the exercise pressor reflex (25) . Although the afferent arm of both reflexes is comprised of group III afferents with mechanosensitive endings in muscle, about one-half of the ones that respond to stretch do not respond to static contraction (10) . As a result, any attempt to use the muscle mechanoreceptor reflex as an index of the mechanical component of the exercise pressor reflex is fraught with difficulty. Nevertheless, the muscle mechanoreceptor re- flex, by itself, has utility because it allows one to assess whether or not the TP receptor plays a role in determining the mechanical sensitivity of thin fiber muscle afferents regulating cardiovascular function. Our findings showing that daltroban attenuated the pressor reflex evoked by tendon stretch provide further evidence that the mechanical responsiveness of group III afferents can be influenced by receptors that are sensitized by their surrounding chemical environment (38) . Because direct pressure and shear stress have been known to increase cyclooxygenase metabolites from human endothelial cells (2), the possibility exists that tendon stretch in our experiments released these metabolites, which in turn binded to the TP receptor. Furthermore, blocking TP receptors might have reduced the overall excitability level of thin fiber muscle afferents, which in turn made the afferents less responsive to stretch.
TxA 2 is not stable in the blood and, consequently, has a very short half-life. These properties make it unsuitable for testing its capacity to stimulate thin fiber visceral or somatic afferents. Instead, a stable TxA 2 analog, U-44619, has been developed as a surrogate compound. U-44619 has been shown to stimulate almost one-half of the group III and IV muscle afferents tested (20) . In addition, this TP analog has been shown to stimulate ischemically sensitive cardiac sympathetic afferents with both A␦ and C fibers (7) . Likewise, this analog has been shown to stimulate vagal afferent C fibers accessible from the pulmonary circulation (16) . In combination, these findings suggest that TP receptors are found across a wide variety of sensory nerves and that their stimulation may have potent reflex effects on the cardiovascular system (7).
At first glance, one might conclude from perusing our findings that the TP receptor plays an essential role both in generating the exercise pressor reflex in rats with freely perfused hindlimbs as well as in generating its exaggerated counterpart evoked by femoral arterial ligation. The recent finding by Light et al. (22) strongly suggests that this conclusion needs to be qualified. Specifically, Light et al. showed that the "adequate stimulus" for the cell bodies of thin fiber muscle afferents was a combination of metabolic by-products of contraction. A corollary to the finding of Light et al. (22) is that the removal of the input of any one metabolite, such as that done by us with daltroban, could greatly reduce thin fiber muscle afferent discharge and therefore the magnitude of the exercise pressor reflex. If this corollary is correct, then blockade of any receptor or mechanogated channel activated by contraction or stretch would have the same effect as did daltroban in our experiments.
In closing, part of our motivation for performing our experiments was to identify an antagonist that was effective in determining the receptor on group III and IV muscle afferents responsible for the exaggerated exercise pressor reflex in rats whose femoral arteries were ligated. Perhaps the simplest way to determine this was to obtain results in which an antagonist reduced the exaggerated exercise pressor reflex in the ligated rats but had no effect on the reflex in the freely perfused rats. In our experiments, TP receptor blockade with daltroban did not allow us to make this distinction because daltroban attenuated the exercise pressor reflex in both rats with freely perfused hindlimbs as well as in rats whose femoral arteries were ligated.
